Abstract We have applied ab initio molecular dynamics simulations to study metal-metal coupling on the alkalimetal sublattice in the b-pyrochlore osmates, AOs 2 O 6 (A = K, Rb, Cs) at 300 K. We find that the dynamics of the alkali-metal atoms (rattlers) exhibit stronger rattlerrattler correlations than rattler-cage correlations, and that, at 300 K, this correlation is strongest for Cs. We show that the rattler-rattler correlations control the dominant dynamics in the rattling of these atoms. We provide preliminary evidence that the rattler correlated motion occurs primarily through two somewhat distinct vibrational modes: a high-energy mode (peak A) couples the rattlers to each other and a low-energy mode (peak B) couples the rattlers to the cage modes. Rattler-rattler correlated motion through the high-energy mode provides insight into the trend in spectral broadening from Cs to K. The spectral broadening is inversely proportional to the strength of the dynamical correlations on the alkali-metal sublattice which in turn depend on the atomic size of the rattler, decreasing from Cs to K. Thus, the broadest spectrum exhibited by the K is partly a consequence of the small size of this rattler which permits a greater range of motions involving combinations of both correlated and anti-correlated dynamics. We emphasize that the identification of the somewhat distinct roles of the high-energy (peak A) and low-energy (peak B) modes in rattler coupling reported in this work is a significant step toward a complete fundamental mechanism of rattler dynamical coupling in these osmates. We believe that such a mechanism will have profound implications for a broad class of cage compounds, including clathrates and skutterudites.
Introduction
Rattling dynamics represent a phenomenon of great interest in understanding superconductivity in cage compounds, e.g., the b-pyrochlore osmates [1] , and some vanadium intermetallics [2] , while in clathrates [3] and skutterudites [4] , the interest derives from their potential role in thermoelectric properties. The mechanism of rattling dynamics and, in particular, the nature of the interaction between the rattler and its local environment have been the subject of intense investigation. For instance, in the clathrates [3] and skutterudites [4] , the issue of whether the rattler reduces the lattice thermal conductivity by resonant scattering or localized-mode coupling to the lattice modes is still under investigation [5, 6] . In this study, we focus on the b-pyrochlore osmates, AOs 2 O 6 (A = K, Rb, Cs) and apply ab initio molecular dynamics (MD) to examine the details of rattler coupling in these materials at 300 K. The pyrochlore osmates crystallize in space-group Fd 3m [7] , where A, Os, and O, occupy the 8b, 16c, and 48f sites, respectively. The transition metal cation, Os, is octahedrally coordinated by O and the OsO 6 octahedra share corners. The key structural feature of these compounds relevant to alkali-metal rattling is the existence of alkalimetal atoms encapsulated in an Os 12 O 18 cage presenting a large volume in which the alkali metal can undergo unusual dynamics. These structural elements are illustrated in Fig. 1 where the fourfold degenerate 32e site which some reports [8] [9] [10] suggest to be the site occupied by the K atoms at temperatures B100 K is also included.
Different experimental approaches have been applied to investigate rattling in the b-pyrochlore osmates including detailed structural characterizations, specific heat measurements, NMR, Raman scattering, and inelastic neutron scattering (INS), and more recently, ab initio MD simulations [11, 12] . Detailed structural analyses revealed relatively large atomic displacement parameters (ADPs) for all the alkali metals [13, 14] , with K exhibiting the largest ADPs indicating weak bonding to the cage and thus providing indirect evidence for rattling dynamics of the alkali metals. Einstein terms were required to fit specific heat data to the phenomenological Debye model leading to the identification of the alkali metals as Einstein oscillators (rattlers) exhibiting localized rattling modes [15] [16] [17] [18] . NMR relaxation rates revealed an anomalous relaxation of the K but not Rb atoms [19] which was governed by the electricfield gradient rather than the magnetic fluctuations. This type of relaxation, described by collisional damping [20, 21] , was attributed to a highly anharmonic rattling of K ions consistent with known rattling vibrations in other cage compounds [22] . Further evidence of the anharmonicity of alkali-metal rattling was the linear temperature dependence of the energy of the T 2g mode from 4 to 300 K obtained from Raman scattering [23, 24] . KOs 2 O 6 showed the strongest temperature dependence with the energy of the T 2g mode changing by 1.1 meV in that temperature range. These anharmonicities resembled those found for rattling guest atoms in clathrates [25] and skutterudites [26] . Furthermore, the line width of the T 2g mode increased from Cs to K reaching about 1 meV at 4 K attributed to stronger rattling characteristics for K [24] . In addition to the already known Raman-active T 2g mode, INS provided the first direct observation of the T 1u mode (not Raman-active) of the alkali metals which is lower than the T 2g mode [27, 28] . Particularly important was the observation of a more complex anharmonic behavior of the split band for KOs 2 O 6 at 300 K (T 1u at 5.5 ? T 2g at 6.8 meV) with decreasing temperature than was understood from Raman data alone. Significant softening of the T 1u mode was observed with decreasing temperature, peaking at 3.4 meV at 1.5 K, the lowest temperature in the experiment. In contrast, the energy of the T 2g mode remained almost constant with cooling while the intensity of the mode decreased significantly, virtually vanishing at 1.5 K, presumably due to damping. Overall, the experimental evidence showed that the vibrational dynamics of the K atom in KOs 2 O 6 differ significantly from those of Rb and Cs in their respective pyrochlores [1] , and a complex low-energy signature was recently observed using inelastic neutron scattering (INS) [29] .
Significant theoretical work has also been carried out to understand alkali-metal rattling in the b-pyrochlore osmates [11, [30] [31] [32] . We restrict this review to work focusing on the issue of metal-metal coupling on the alkali-metal sublattice. Inspired by their finding of the instability of the symmetric (A g ) K phonon mode [33] , Kunes and Pickett [32] constructed an effective ionic Hamiltonian consisting only of terms from the alkali-metal sublattice with the OOs framework only providing a fixed charge background:
where the first term is the on-site energy and the second term is the interaction energy which is restricted to nearestneighbor (nn) pair interactions (W ij ) on the alkali-metal sublattice. The on-site Hamiltonian is made up of the kinetic energy of the ion (p i = momentum, M = mass), and the potential energy parameterized in the displacement, n i , of the ion. P e and P o are polynomial radial functions obtained by fitting ab initio total energies as a function of displacements of a single ion along the (111) direction with a polynomial and taking its even and odd parts, respectively. Only the lowest even (l = 0) and odd (l = 3; l = 1 vanishes by symmetry) spherical harmonics were used. Solution of the on-site Hamiltonian gave, for K, a quasifour-fold degenerate ground state [34] corresponding to the 32e sites of this ion [8] . When the full Hamiltonian (Eq. 1) was solved in the basis of the product states of the on-site Hamiltonian, non-negligible screened Coulomb interaction between the ions was obtained only for the K atom [9, 32] apparently driven by the hopping of this ion between the 32e sites [34] . We note that whether the K atoms occupy the 32e or 8b sites appear to still be in dispute [35] [36] [37] . When the interaction Hamiltonian in Eq. 1 was reformulated on the basis of ''bonds'' between the interacting K ions, a lattice Hamiltonian equivalent to a four-state Potts model [38] with a constraint was obtained. The constraint, which prohibited population of higher energy states, led to frustration of the K ion dynamics on the diamond sublattice [9] . This work concluded that metal-metal coupling is important for the K, but not for the Rb nor Cs ion dynamics. The model was subsequently extended by Hattori and Tsunetsugu [10] to include five-center (8b and 32e sites) hoping of the K ion and Coulomb interactions up to the next-nearest neighbors.
In this ab initio MD study of the alkali-metal dynamics of the b-osmates at 300 K, we first investigate metal-metal coupling on the alkali-metal sublattice by calculating the Pearson correlation coefficients for the various atoms from their respective trajectories. The evidence of strong alkalimetal coupling on the alkali-metal sublattice that we find is discussed. We then examine the roles of the high-energy (peak A) and low-energy (peak B) modes in rattler coupling and show that the weaker low-energy mode (peak B) is responsible for coupling the rattler to its cage while the correlated motion on the rattler sublattice occurs through the stronger high-energy mode (peak A). Finally, we discuss the trend in spectral broadening from Cs to K in terms of the strong alkali-metal sublattice coupling.
Computational details
We performed low-precision ab initio MD simulations using the Vienna Ab initio Simulation Package (VASP) [39, 40] on the conventional cubic unit cell of the b-pyrochlore osmates, AOs 2 O 6 (A = K, Rb, Cs) consisting of 72 atoms, Fig. 2 . The projector-augmented wave (PAW) method [41, 42] implemented in the VASP [39, 40] was employed in this study, and for the exchange-correlation potential, the generalized gradient approximation with the Perdew, Burke, and Ernzerhof (GGA-PBE) functional was used [43, 44] . Calculations were performed at the C-point with a plane wave cutoff energy of 300 eV. Starting from the experimental atomic positions for the K [13] , Rb [14] , and Cs [18] pyrochlores, the structures were first converged to \0.001 eV/Å total forces per atom followed by equilibration for 4 ps at 300 K, and microcanonical ensemble (NVE) production runs of 36 ps were then performed.
For each pyrochlore, two types of calculations were performed: (1) the standard MD simulation where all the atoms in the unit cell were allowed to move in response to the forces acting on them, and (2) the ''static'' lattice simulations in which atoms forming the cage framework were kept fixed at their initial positions throughout the simulation. The static simulations are similar to the effective ionic Hamiltonian model of Kunes and Pickett [9] where the cage framework provides a fixed charge background. For the KOs 2 O 6 case, an additional simulation was performed with the masses of the cage framework atoms increased fourfold-''heavy'' lattice.
Results and discussion
It is important to validate MD trajectories against experimental data to ensure that they correctly describe the physical dynamics before extracting any physical quantities from them. Whereas, the results from the standard simulations have been validated against experimental INS spectra [11] , ''static'' lattice simulations are unphysical, and therefore cannot be directly compared to experiment. However, since only minor modifications to the validated standard simulations are involved, they are expected to correctly represent the real dynamics in such a system if it was possible to perform an experiment. We also note that there is an error associated with the fact that the last frame from the equilibration run forms the starting configuration for the production (NVE) run. This is one of many possible starting configurations, and this choice of starting structure results in an inherent error which, in a simple approach, can be estimated from the total energy fluctuations in the equilibration run. For our simulations, we found total energy fluctuations of 1.4 meV per atom, and this error will propagate through the calculations of the magnitude spectra reported in this work. Although the error is significant, the separation between the spectral features of interest is considerably larger so that the error has no effect on our basic arguments and conclusions. In Section ''Evidence for strong coupling on the alkali-metal sublattice,'' we analyze the MD trajectories for evidence of metal-metal sublattice coupling and show that significant coupling indeed occurs but differs from that previously reported [9] in that it increases with atomic size. Section ''The mechanism of rattler coupling in the K, Rb, and Cs series at 300 K'' examines the nature of rattler dynamical coupling on the basis of the two main vibrational modes obtained in our calculations, i.e., the high-energy (peak A) and the lowenergy (peak B) modes. By comparing between the standard and static lattice simulations, the role of each of these modes in the different pyrochlores is clarified. Finally, in Section ''Spectral broadening in the K-Cs series,'' we discuss the broadening of the high-energy mode (peak A) from Cs to K in terms of the metal-metal sublattice coupling.
Evidence for strong coupling on the alkali-metal sublattice Previous studies [9, 32, 34] have suggested that the K atoms strongly couple to each other through a Coulombic interaction on the diamond sublattice which they occupy, while remaining weakly coupled to the cages in which they are encapsulated. A four-state Potts model was then proposed and used to describe the correlation on the K sublattice and this accounted for frustrated ion dynamics on this sublattice [9] . From our MD results, we have probed for evidence of coupling on the K sublattice and extended the investigation to also include the Rb and Cs analogs. In analyzing the dynamics of the atoms, we use the principal axes of the motion which are obtained by the standard procedures of classical dynamics [45, 46] . Briefly, from the trajectory of each atom, we first construct a mean-square displacement matrix, B, whose elements hu i u j i (i,j = a,b,c) are the mean-square displacements in the directions i and j, where a, b, and c are the lattice vectors of the simulation cell. The eigenvectors of B are the principal axes from which a transition matrix is constructed to project the original atomic trajectory (in the a, b, and c basis) onto the principal axes basis. For this discussion, we will refer to the correlated dynamics between the alkali-metal atoms as A-A dynamics (A = K, Rb, Cs). In Figs. 3, 4, and 5, we plot the Pearson's correlation coefficient between each of the 8 K (or Rb, Cs) atoms in the MD simulation cell and the rest of the other atoms as a function of the distance between them. For each pair of atoms, we calculate the 3 9 3 Pearson correlation matrix in the principal axes basis of the motion and in Figs. 3, 4, and 5, we plot the absolute value of the matrix element with the largest magnitude. Double counting of pairs occurs in this procedure but this does not matter as each double count maps onto the same point in Figs. 3, 4, and 5. We also note that correlation coefficients for separation distances [5 Å may contain artifacts of the periodic boundary conditions (PBCs) applied to the simulation. However, the structural similarity between these pyrochlores suggests that these effects would be similar for all simulations. Thus, at these distances, we are only interested in making comparison across the series rather than the absolute values of the individual correlations. Considering only correlations within 5 Å , Figs. 3, 4, and 5 show that, despite being farther away, the alkali metals couple to each other more strongly than they do to any other atoms for each pyrochlore. Note that there is scatter in the points at a given distance. For instance, although each alkali-metal ion has four crystallographically equivalent nearest neighbors around 4.3 Å , more than four points can be seen at this distance in Figs. 3, 4, and 5. In principle, in the limit of an extremely long simulation performed on a relatively large supercell, the four nearest neighbors will be found to be crystallographically equivalent. In that case, only four points will be obtained around 4.3 Å in Figs. 3, 4, and 5, or, if the correlation function is isotropic, then only one point. However, such long simulations performed on large supercells are not presently feasible for ab initio MD calculations. Nonetheless, this is not a serious shortcoming for this study where we are only interested in comparing average quantities either within the same pyrochlore or across the K-Cs series for simulations of the same duration of 36 ps.
In Figs. 3, 4 , and 5, we plotted a horizontal dashed line to mark the maximum for the correlations of the KOs 2 O 6 cage atoms to show that the Cs atoms are more correlated to their cage atoms compared to both K and Rb. However, the comparison between K and Rb is not clear-cut; considering only the first coordination shell, the K exhibits slightly more, and less correlated O and Os atoms, respectively, than Rb. Thus, no particular trend appears to emerge with atomic size of the alkali metal for the A-cage correlations in the K-Cs series from these MD results.
In Fig. 6 , only the correlation coefficients on the alkalimetal sublattice are plotted together where it can be seen that the average coefficients increase with atomic number of the alkali metal. It is possible that this increase in the correlation coefficients could be related to the size of the metal atom; in these pyrochlores, as the alkali-metal atom gets larger, the ratio of the atom crystal diameter [47] (twice the crystal radii) to the internuclear distance increases (from 0.70 for K to 0.82 for Cs) so that the larger atoms are effectively closer to each other presumably leading to a stronger interaction. For a given alkali metal, the correlation coefficient appears relatively insensitive to the separation distance suggesting the existence of longrange ordering on the alkali-metal sublattice. However, as already noted, conclusions about long-range correlations beyond 5 Å cannot be definitively established from these results because of potential artifacts from the periodic boundary conditions applied to the simulation cell. A larger simulation cell is required in order to conclusively extract the long-range correlations, and a study to achieve this is in progress. Nevertheless, our present results suggest significant correlated motion on the alkali-metal sublattice which may be consistent with Coulombic interactions as previously suggested from the study of an effective ionic Hamiltonian [9] . We note, however, that our results are in contradiction with the conclusion from that study that the K exhibits the strongest correlations. This disagreement could be a result of the different temperatures used in these studies; our results are for 300 K, whereas the previous study was at 0 K. A complex reconstruction of the potential around the K atoms at different temperatures was recently reported for the analogous tungstate pyrochlore [48] which may account for this disagreement. Nonetheless, our results suggest that some important features of the alkali-metal dynamics can be understood by restricting the analysis to the alkali-metal sublattice.
The mechanism of rattler coupling in the K, Rb, and Cs series at 300 K In Section ''Evidence for strong coupling on the alkalimetal sublattice,'' we show that the alkali-metal dynamics are more correlated to the dynamics on the alkali-metal sublattice than to those occurring in the cage framework. Significantly, the coupling to the O and Os atoms is quite similar whereas that to the other alkali metals is different. This is evidence that the dynamical coupling between an alkali-metal atom and a cage atom, and that between alkalimetal atoms may be distinct in nature. In this section, we further examine these two different types of coupling in order to clarify the atomistic picture of rattler coupling in these compounds. Since MD offers the option of keeping selected atoms fixed at their initial positions throughout a simulation, we exploit this capability in order to explore the differences between these types of coupling. Performing static lattice simulations permits elimination of the effects of the cage modes from the alkali-metal dynamics. With coupling to the cage modes excluded, it is then possible to isolate and examine the alkali-metal sublattice coupling independently. Figures 7, 8 , and 9 present the alkali-metal MD spectra calculated in nMOLDYN [49] applying the incoherent approximation [50] and in line with our previous work [11] , we calculated the generalized density of states (GDOS) of the vibrational modes by scaling of the density of states (DOS) with the energies. As per this previous work [11] , we noted that the incoherent approximation was inadequate for calculating the simulated INS spectra of the O atoms in these compounds. However, as this approximation works well for the alkalimetal atoms, we employ it in this study where the focus is on the alkali-metal dynamics only.
Rattler dynamics in the b-osmates has widely been discussed in terms of the T 1u and T 2g modes which are the irreducible representations (irreps) for a rattler in octahedral (O h ) site symmetry. However, we note that the literature is somewhat unclear on the exact symmetry for describing rattler dynamics in these b-pyrochlores. The O h point group is the crystallographic symmetry for a rattler at the 8b site which is the center of an octahedron formed by the six nearest-neighbor O atoms. For this reason, discussions of rattler dynamics in Raman (which only observes the T 2g mode) and neutron spectroscopy have used the O h irreps [1, 23, 24, 51] . In contrast, most theoretical models have assumed tetrahedral (T d ) symmetry for the rattler [9, 10, 31, 52] , where the rattler modes are then discussed in terms of the A 1 and T 2 irreps of this point group. If alkalimetal atoms occupy the 8b sites, then the alkali-metal sublattice forms a diamond lattice giving T d local site symmetry for the rattler with respect to this sublattice. The main rationale for applying T d symmetry, which is only the symmetry on the alkali-metal sublattice and not that of the full lattice, is that, in these pyrochlores, rattler-rattler coupling is stronger than rattler-cage coupling as already discussed in Section ''Evidence for strong coupling on the alkali-metal sublattice.'' That rattler spectral feature calculated from theoretical models assuming that T d symmetry shows some reasonable agreement with experiment may suggest that T d is the stronger symmetry for representing the dynamics than the crystallographic O h Fig. 7 Spectra of the K element in KOs 2 O 6 at 300 K calculated from three different MD simulations with the following settings: Kstandard simulation, K (heavy)-simulation with the atomic masses of the cage atoms (i.e., O and Os) quadrupled, and K (static)-cage atoms kept fixed at their initial positions. Except for the low-energy shoulder region, the spectrum for the heavy lattice simulation is virtually identical to that of the normal lattice, whereas that of the static lattice shows some distinct features, particularly the sharp peak at low energies (about 6.6 eV). We refer to the low-energy peak as ''peak B'' and the high-energy (split) band centered at about 8.8 meV as ''peak A'' (See text). The energies of the T 1u and T 2g modes from INS [1] , Raman scattering [23] , and micro-Raman assignments [51] are indicated by the arrows J Mater Sci (2014) 49:5468-5480 5473 symmetry. Although we use the O h irreps for the rattler modes, we emphasize that further work is needed to clarify this issue. Hasegawa et al. [23] and Schoenes et al. [51] calculated the phonon modes at the C-point but the eigenvectors of the rattler modes were not reported in those contributions. We note that, in analyzing the Q dependence of the RbOs 2 O 6 response at 300 K, Mutka et al. [27] also found a strong response at Q = 1.1 Å -1 corresponding to the [111] zone center which they attributed to a high amplitude longitudinal mode with displacement toward the nearest-neighbor A atoms [27] . This corresponded to the high-energy band which would be the T 2g mode and, according to Hasegawa et al. [24] , involves half the A atoms vibrating in opposite directions. Mutka et al. [27] also found that the low-energy band, which would be the T 1u phonon, coincided with the [ ] zone boundary and, according to Hasegawa et al. [24] , is a vibration involving all A atoms moving in the same direction. Our own attempts at calculating the KOs 2 O 6 phonon modes using VASP were unsuccessful as we found some relatively large negative values (up to $ -30 meV) for some of the system frequencies. In light of these difficulties, in this work, we only discuss rattler dynamics in terms of the two main modes we obtain from our simulation data without establishing any definitive correspondences to the T 1u and T 2g modes. In particular, we note that these irreps may lack a precise meaning in an ab initio MD simulation where no assumptions are made about the form of the potentials (e.g., harmonic approximation) around the atoms nor are the calculations restricted to the C-point where the full point group symmetry is realized. Figure 7 shows the calculated K spectra for the standard and static simulations. We have also included a spectrum from a simulation where the masses of the O and Os atoms are increased fourfold, K (heavy). In the harmonic approximation, quadrupling the atomic masses halves the vibrational frequencies, which allows assessment of the sensitivity of the coupling between the rattler and cage modes. For completeness, the energies of the T 1u and T 2g modes reported from experiment are also indicated in Fig. 7 . The spectra in Fig. 7 show a transition from a broad single feature centered around 8.8 eV in the standard simulation to distinct peaks in the static simulation. The most striking feature of the static spectrum is the emergence of a distinct low-energy peak at 6.6 eV which appears to be missing from the other spectra. For this discussion, we will label this low-energy peak as ''peak B'' and the high-energy (split) band as ''peak A.'' Since peak B is obtained for a system where the cage modes have been eliminated, it provides significant insight into the role of the cage modes in rattler dynamics of the K-pyrochlore. As peak B is reduced to a mere shoulder when the cage dynamics are turned on (even for the case of the heavy lattice), we therefore observe that Fig. 7 reveals a strong sensitivity to the cage modes of the mode corresponding to [1] ), and T 2g mode from Raman scattering [23] . The main difference between the spectra is the emergence of a more pronounced low-energy peak (peak B) in the ''static'' spectrum which is only a shoulder in the standard spectrum. The high-energy peak (peak A) does not change significantly between the two simulations Fig. 9 MD spectra of the Cs modes at 300 K. The Cs (static) spectrum is calculated from a simulation in which the O, and Os atoms are kept fixed at their initial positions throughout the simulation. We refer to the high-energy peak as ''peak A'' and the low-energy peak as ''peak B'' (See text). The key difference between these spectra is the missing low-energy mode from the static lattice spectrum indicating that this mode is excited by coupling to the cage modes in CsOs 2 O 6 . Indicated by the arrows are the energies of the T 1u and T 2g modes from INS [27] (as cited in Hiroi et al. [1] ), and T 2g mode from Raman scattering [23] this peak. In contrast, although peak A exhibits a change when the cage dynamics are turned on, the amount of change it undergoes is less pronounced leading to the conclusion that the corresponding mode is less sensitive to the cage modes. It has been reported that the T 1u mode in KOs 2 O 6 softens more strongly with cooling compared to the T 2g mode [27, 53, 54] , and it is possible that the sensitivity to the cage dynamics of the mode corresponding to peak B we find here may partly explain that behavior. It is also interesting to note that in our work on KAl 0.33 W 1.67 O 6 , the Al-doped W analog of KOs 2 O 6 , we found significant hardening of the K phonons with increasing temperature due to a tightening of the highly anharmonic potential around the K atoms in the direction of maximum displacement, driven by entropic effects of the cage [48] .
Thus, there appears to be a connection between these observations of a strong temperature dependence of the K phonons and the strong sensitivity to the cage modes of the K mode corresponding to the low-energy peak. In other words, as the static simulation represents frozen cage modes (i.e., setting the temperature of the cage to T = 0 K), the behavior of the low-energy mode we obtain here is indeed an aspect of temperature dependence. Figure 8 shows that the behavior of the low-energy mode (peak B) for Rb is similar to that of the K, although less pronounced. As in the K case, the high-energy peak (peak A) is substantially unchanged between the two simulations. In contrast, Fig. 9 reveals a response of the Cs low-energy mode in the opposite direction; peak B reduces to a shoulder when the Cs cage modes are frozen through the static simulation. This result is somewhat surprising; although it still implies that the Cs low-energy mode is important for coupling to the cage modes as in both K and Rb, it makes the Cs low-energy mode distinct from the K and Rb cases in its mode of excitation. The results indicate that the Cs low-energy mode is only excited by coupling to the cage modes. Considering the relative magnitude of peak B to peak A for the fixed cage simulations, we notice a decrease from K to Cs, whereas the trend is approximately reversed for the normal lattice simulation. In addition, we also notice that the energy of the low-energy mode decreases significantly from K to Rb but only slightly from Rb to Cs. These observations highlight the complex anharmonic effects involved in the low-energy mode of these rattlers. Figure 9 also shows that, although the change in the Cs high-energy mode (peak A) between the simulations is somewhat more pronounced than either K or Rb, it is still less pronounced than that of the low-energy mode. This consistent observation that the main spectral features of the high-energy mode (peak A) are somewhat preserved on fixing the cage framework in Figs. 7, 8 , and 9 suggests that this mode is unlikely to play a crucial role in the coupling between the alkali-metal rattler and the lattice.
Although the exact details are not simple and are different for the different pyrochlores, the overall picture that emerges from Figs. 7, 8, and 9 is that the rattlers couple to the cage modes predominantly through the lowenergy mode (peak B). This conclusion is supported by the observation of significant changes in peak B between the simulation with the cage temperature set at 300 K and that at 0 K for all the pyrochlores. On the other hand, the high-energy mode (peak A) is different and almost the exact opposite as it does not exhibit any significant coupling to the cage modes. Thus, we conclude that the two modes are fairly distinct in nature and that the highenergy mode primarily describes the dominant dynamics on the alkali-metal sublattice. The conclusion regarding the role of the high-energy mode derives from two observations: (i) the relative insensitivity of this mode to the cage dynamics suggests minimal interaction with the cage atoms, and (ii) in all the pyrochlores, this is the dominant mode and since the correlated motion on the alkali-metal sublattice represents the dominant dynamics in this energy range; this mode ought to play an important role. For a more complete treatment of this issue, further work needs to be carried out including a full lattice dynamics calculation and perhaps an experiment using a single crystal on a triple axis spectrometer. Nonetheless, this result is a crucial clarification of our understanding of the rattler dynamics in these beta pyrochlores and it means that the general statement that the alkali-metal modes do not couple to the lattice modes may not be completely accurate. Perhaps a more precise statement is that the low-energy mode significantly couples to the lattice modes, while the coupling of the high-energy mode is weaker; since the latter represents the dominant dynamics, it determines the main features observed for the alkali-metal dynamics in Raman scattering, INS, and MD work. From these results, it is likely that the dynamical characteristics of an alkali-metal atom in the b-osmates are mainly determined by the strength of these two somewhat distinct types of modes: the low-energy mode coupling the rattler to the cage modes and the highenergy mode mediating the correlated dynamics on the alkali-metal sublattice. Although the exact details remain quite complicated, this means that it should then be possible to explain the differences in alkali-metal dynamics observed along the K-Cs series on the basis of the coupling to the cage modes (low-energy mode) and the correlated A-A dynamics (high-energy mode). Further work needs to be done to clarify the T 1u and T 2g mode assignments in K as well as questions regarding the local symmetries at the alkali-metal sites which cannot be established definitively from these relatively short simulations.
Spectral broadening in the K-Cs series
It is evident from a comparison of the spectra from both the standard and static simulations in Figs. 7, 8, and 9 that there is considerable broadening of these spectra from Cs to K. In a recent contribution [11] , we discussed this phenomenon and showed that this could be partly understood from the flattening of the local potential around these atoms from Cs to K. We extend this explanation to include the role of the correlated motion on the alkali-metal sublattice. By examining the dynamics of the immediate environment of the alkali metal based on its sublattice, we expect to be able to find an explanation for the trend in the broadening of the spectra in Figs. 7, 8 , and 9. Since the diamond alkali-metal sublattice presents each A ion with a T d local symmetry, in principle, one could perform a group theoretic treatment of the MD trajectories to decompose them into the irreps of this point group. Such an analysis will be insightful as it enables the precise identification of the different normal modes which could clarify the issue of the T 1u and T 2g irreps discussed earlier. However, our attempt at this was unsuccessful, and the reason appears to be that a 36 ps simulation may not be long enough to give the correct time-average local symmetry at each site.
Instead, in what follows, we consider the dynamics of the volume of the general tetrahedron whose vertices are the coordinates of the nearest neighbors of a selected alkalimetal site. For each pyrochlore, we calculated the volume at each simulation step around the selected site and performed a (forward) fast Fourier transform (FFT) of this function to obtain volume fluctuation spectra. The statistics of the volume fluctuations are summarized in Table 1 , while the corresponding spectra are plotted in Fig. 10 . The K statistics in Table 1 stand out with the volume fluctuating over the widest range giving a standard deviation 35 % larger than Rb and Cs.
The gross features of the spectra in Fig. 10 correspond to those in Figs. 7, 8, and 9 quite well, clearly exhibiting the general increase in broadening from Cs to K. Since similar broadening is obtained for static lattice calculations, it suggests that the dynamics responsible for the spectral broadening primarily occur on the alkali-metal sublattice.
To get a geometric picture of the types of distortions occurring in the tetrahedra leading to the dynamics of Fig. 10 , we calculated six-dimensional correlation matrices between the edges of the tetrahedra (whose vertices are alkali-metal sites), and the results are summarized in Table 2 . The schematics in Fig. 11 are based on Table 2 , and the arrows on the edges represent the correlation coefficients. We represent a positive correlation by two outward pointing arrows, and the converse is true for a negative correlation. Correlations of magnitude B0.1 are designated with a star. The lengths of these arrows are roughly proportional to the magnitudes of the correlation coefficients they represent. Two main observations can be made from the results both in Table 2 and Fig. 11 . First, overall, the correlation coefficients for the K are comparable to those for Rb, although somewhat lower, whereas those for Cs are generally larger. The larger correlation coefficients for Cs suggest a more rigid lattice and, hence, more restricted ranges of motion for these atoms compared to K and Rb. Second, of the fifteen distinct correlation coefficients calculated for each pyrochlore, three pairs of edges are anti-correlated for both K and Rb, whereas there are only two for Cs. Using the notation in Fig. 11 , these edges are 5-6/7-8, and 5-7/6-8 for K, Rb, and Cs as well as 5-8/6-7 for K and Rb only. Note that the designation of correlation coefficients of magnitude B0.1 by a star in Fig. 11 obscures this for the 5-8/6-7 case of K. The results show that the K system has the largest variation in the volume reflecting the greater range of motion for the smaller K atoms Fig. 10 Frequency spectra for the volume fluctuations of the tetrahedra whose vertices are the nearest neighbors of a selected alkali-metal site (K1, Rb1, or Cs1) on the alkali-metal sublattice calculated from the MD simulation. The range of vibrational frequencies increases with decreasing size of the alkali metal indicating that the smaller the atom, the greater is the range of motions it can undergo Anticorrelation (negative coefficient) adds flexibility to the dynamics of the system as (positive) correlation alone only produces the ''breathing mode'' of the tetrahedron. Consequently, the lower anticorrelation in the Cs dynamics implies reduced freedom of motion in this system. Further, although both K and Rb have the same number of anticorrelated dynamics, the correlation coefficients of K for these dynamics are much lower suggesting even greater flexibility of motion for this system. We therefore conclude that the broadening of the alkali-metal spectra from Cs to K in Figs. 7, 8, and 9 arises from increasing flexibility of motion with decreasing atomic size. The features in the K spectrum make it plausible to suggest that the K sites couple to each other through a larger variety of vibrational motions, thanks to the smaller size of the K atom which permits greater flexibility of motion, the latter leading to a lower average site symmetry. Thus, it appears, from this analysis, that the dynamical coupling that matters most is the one on the alkali-metal sublattice and, perhaps counterintuitively, the stronger this coupling is, the sharper the spectrum is. Our results have important implications: First, the strong correlation we find on the alkali-metal sublattice indicates that important aspects of the rattling dynamics in these materials can be understood from a restricted analysis considering only the alkali-metal sublattice. This could prove very advantageous for studies involving MD simulations and effective model Hamiltonians, as in both cases, the system size could be reduced considerably. For instance, in the case of MD simulations, it may be possible to run simulations on the alkali-metal sublattice only. As the resulting unit cell is only 1/9 of the normal cell (based on total number of atoms), it becomes feasible to implement larger supercells which would permit the extraction of long-range properties from these simulations. We have successfully optimized the geometry of a 2 9 2 9 2 supercell for Rb, and an MD simulation will be run to confirm this prediction. If this proves feasible, then this simpler system offers the possibility of providing insight into the role of the conduction electrons from the alkali metals in superconductivity. Second, the existence of strong correlation on the alkali-metal sublattice means that significant tuning of the alkali-metal dynamics could be achieved by targeted modifications of this sublattice. This will be particularly true for the Cs pyrochlore. Third, the synthesis of the LiOs 2 O 6 and NaOs 2 O 6 remains a challenge. As the A-A (Coulombic) interaction weakens with decreasing atomic mass of the alkali metal, it suggests that this sublattice interaction may account for a significant part of the stabilization energy of the crystals of these compounds. If this is the case, then it becomes plausible to expect that both LiOs 2 O 6 and NaOs 2 O 6 could form under high (chemical or mechanical) pressure when the ratio of the Li-Li (or Na-Na) internuclear distance to the Li (or Na) crystal diameter is at least equal to that of KOs 2 O 6 . Fourth, although this study is at a much higher temperature (300 K) than the reported T c s of these materials, it provides clues as to why K might have the highest T c of these pyrochlores. The flexibility in the types of motion exhibited by the K (broad range of vibrational frequencies, Fig. 10 ) suggests that there is a greater chance for some of these motions to be selected to couple to the electronic degrees of freedom of the system leading to conventional superconductivity. Finally, the identification of the somewhat distinct roles of the T 1u and T 2g modes in rattler dynamics is a major step toward the development of a more complete mechanism of rattler coupling in the b-pyrochlores.
Conclusion
We have shown from ab initio MD that alkali-metal atom (rattler) dynamics in the b-pyrochlore osmates exhibit stronger rattler-rattler correlations than rattler-cage correlations. The MD evidence indicates that the rattler-rattler correlated dynamics occur through the high-energy mode (peak A), whereas the weaker coupling to the cage occurs through the low-energy mode (peak B). The high-energy mode describes the main features of rattler dynamics, showing that the trend in spectral broadening from Cs to K is a consequence of the K vibrating at a range of closely spaced frequencies due to the ability of this relatively small rattler to undergo a broader range of motions. The identification of the somewhat distinct roles of the low-energy and high-energy modes in rattler dynamics provides an important stepping stone toward developing a more complete microscopic mechanism of rattler coupling, not only in these osmates, but also for a broader class of similar materials including clathrates and skutterudites. Calculation of the phonon eigenvectors for the K atoms in KOs 2 O 6 , even if limited only to the C-point, will clarify the irreps of the K modes and facilitate their assignment. Table 2 , respectively. The vertices of the tetrahedra correspond to the alkali-metal sites in the MD simulation cell with the labels matching the site labels. Correlation coefficients are plotted on each edge of the tetrahedra as arrows where double outward (inward) arrows represent positive (negative) correlation. For each edge, the arrows are for K (black), Rb (red), and Cs (green) moving away from the edge of the tetrahedron. In each case, the unmarked edge is the edge being stretched, i.e., correlation coefficient of unity. All but the 5-7 edge are the same length which is defined as a correlation of unity for calculating the lengths of the correlation arrows. Because of the difficulty of representing small lengths, correlation coefficients of magnitude B0.1 are represented by stars which, unfortunately, obscure some important features for the K system-see text. The broad feature of increasing correlation coefficients with atomic size suggests a corresponding increase in the ''rigidity'' of the sublattice which limits flexibility of motion (Color figure online) 
